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Fig. 1. Comparison of the algorithms of (a) baseline subtraction and (b) self-reference
methods. The major difference between these methods is that the former requires the subtrac-
tion between two independent complex images, while the latter does not.
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Fig. 2. Setting of ROI and RFE for the self-
reference method. A sagittal image of a healthy
liver was acquired by using a 0.5T Open MRI
(Signa SPi, GE Healthcare, Milwaukee, WI,
USA) equipped with a torso flexible coil.
Spoiled gradient echo (SPGR) sequence with
the following conditions was used ; TR/TE, 32
/12 ms ; FOV, 360 x 360 mm? ; spatial matrix,
256 x 128 ; slice thickness, 5 mm ; flip angle, 30
°. Oil phantoms were used for compensating the
magnetic field fluctuation in the baseline sub-
traction method.
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Fig. 3. Models for numerical simulations. The ‘“Linear” model (left
column) has a linear background phase distribution along x and y axes
without phase wrapping (PW). The “Linear with PW”’ model (middle
column) has a linear distribution similar to “Linear” but with phase
wrapping at the FOV center. The ‘‘5th-order”’ model (right column) has
5th order function of the phase distribution along x axis and 3rd order
one along y axis. In all the model, Gaussian phase distributions was ad-
ded at the center mimicking the heat-induced phase change.
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Fig. 4. Geometrical description of the optical
thermometry probe and the region for the tem-
perature error evaluation for the self-reference
method. The optical thermometer was used for
calibrating the MR-measured temperature in
the area for calibration (hatched). The area
was set to be two separate arc-like regions with
a 3-voxel width to avoid susceptibility artifact
induced by the optical probe.
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Table. Usage of Signals, Evaluation Functions and the Polynomial Orders in the Self-reference

Strategies
. . " Polynomial
t*
Strategy Signal Evaluation function orders for x and y
Phase Phase Sum of square errors between Identical
the estimated and measured
Phase, x-y independent  Phase phases Not Identical
’ > (an(m,mx"y" - S, (x, )" > min
Real-imagina Real, Sum of square errors between Identical
ginary Imaginary the estimated and measured
real and imaginary parts
Beal-lmagmary, X-y Re.al, %(ak(m,,n,)x’"'y"' -Sat6p)f > min Not Identical
independent Imaginary 3 G (m, 0,6 y™ — S, (x,5)) - min
Complex Real, Sum of square norm errors Identical
Imaginary  between the estimated and
measured signals
Complex, x-y Real, (akjm,,n,)x "y - Sal ) > _min Not Identical
independent Imaginary #a+ (3 (m,m)x™ y" =S, (6, y)f ”

t ap(m, n), ap(m,n) and a;(m, n) are the estimated values of coefficients acquired by using the

least square method.

t Sp(x,), Sp(x,y) and S;(x,y) were the measured values of the phase, real and imaginary at

the spatial locations.
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Fig. 5. Comparison of the phase estimation errors obtained for the six
strategies of the self-reference method in the numerical simulations. In
the “Phase” and ‘‘Phase, x-y independent’ strategies, the cases with
phase unwrap are added. See the text and Table for the details of the

strategies.
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Fig. 6. Comparison of the phase estimation errors obtained for the
different strategies in the volunteer and phantom experiments. The defi-
nition of the strategies are the same as that for Fig. 5. The error values
for the volunteer results are shown by the means and the standard devia-
tion for the six different respiratory positions. Those for the phantom
results are shown by the mean and the standard deviation for 13 different
temperature points during heating.
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Fig. 7. Relationship between the phase estimation errors and the
highest order limitations for the polynomial estimation in the ‘“Complex,
x-y independent” strategy. In the phantom results, the mean and the
standard deviation for the 13 different temperature points during heat-
ing.
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Fig. 8. Bland-Altman plots between the temperature estimated by the
“Complex, x-y independent” strategy and that measured by the optical
thermometer in the phantom experiment.
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In the ‘“‘self-reference’” method, distributions of temperature difference are estimated by ex-
trapolating signal distribution in a region for estimation (RFE) to a region of interest (ROI) that
covers the area of heating. Because this method requires no baseline image to be taken before tem-
perature change, temperature error from in-plane object motion and magnetic flux change from mo-
tion can be reduced. In our previous studies, the complex-signal-based approach was proposed, and
the sizes of RFE and ROI were optimized. In this work, the post-processing part was further exam-
ined in terms of signal usage and determination criteria of the polynomial orders used for estimation.
Numerical simulations with 2-dimensional, heat-induced signal changes superimposed on various
background signal distributions were performed in addition to experiments on healthy volunteers and
phantom heating experiments. The results showed that the self-reference method of the ‘““complex,
x-y independent’’ strategy, which uses complex signal distributions with independent polynomial ord-
ers for 2 spatial dimensions, x and y, maintained a temperature estimation error below 5°C. It was
also shown that the upper limit for the polynomial orders should be lower than 6 to avoid the un-
favorable polynomial fitting of the heat-induced complex signal change seeped into RFE. Bland-
Altman plots for temperature estimated by the self-reference method versus temperature measured
by probe showed the self-reference results to be sufficiently reproducible and quantitative, thus
demonstrating the applicability of the method to clinical practice.
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